We present several optical phased arrays enabled by state-of-the-art large-scale silicon photonic integration which could find potential applications in optical switching, optical communications, light detection and ranging, and holography.
Introduction
Silicon photonic technology, being inherently compatible with Complementary Metal-Oxide-Semiconductor (CMOS) fabrication techniques, lends itself to large-scale photonic integration. While a variety of high-performance silicon photonic devices have been demonstrated over the past two decades, it is now possible and increasingly desirable to integrate these otherwise discrete optical components to form functional large-scale silicon photonic systems [1] . Successful silicon photonic integration not only greatly reduces the form factor of current optical systems such as the optical transceivers [2] and the optical switch fabrics [3] , but also enables optical systems that would not even be possible with bulk optics, such as the large-scale optical phased arrays [4] .
Here we present several large-scale integrated optical phased arrays based on silicon photonic circuits, including a uniform 8×8 array and an apodized 8×8 array [5] for optical beam steering, a 64×64 holographic phased array representing the largest silicon photonic circuit to date, and a 1×16 array that demonstrates the widest 51° beam steering angle [6] . These demonstrations of optical phased arrays hold promise for future applications in free-space optical switching, optical communication, light detection and ranging (LIDAR), holography, etc.; moreover, as the largest silicon photonic circuits, they suggest that photonic integration in silicon at the same level as microelectronics is indeed possible and the time for large-scale silicon photonic circuitry has truly arrived. Optical phased arrays have been studied for decades on various optical platforms and most recently using integrated silicon photonics [7] . Compared with all previous integrated optical phased arrays, the uniqueness of our phased array lies in the ability to form a compact unit cell as the fundamental building block, as shown schematically in Fig.  1(a) . By making use of robust photonic design and the state-of-the-art CMOS fabrication techniques, a directional coupler that couples out arbitrary amount of optical power from the bus waveguide, a thermo-optic phase shifter that can achieve 2π tunable phase shift over a propagation distance of just a few wavelengths [8] , and a high-efficiency grating-based light emitter, are tightly integrated in an ultra-compact 9µm×9µm unit cell (Fig. 1) . The device was fabricated in a standard CMOS foundry on 300-mm silicon-on-insulator (SOI) wafers at 65-nm technology node using four dopings (n, n + , p, and p + ) and four electrical interconnections (C: silicon contact, V: contact via, M1: metal 1, and M2: metal2), as shown in Fig. 1(b) and 1(c) . The optical phased array was formed by periodically placing the unit cells in two dimensions (2D) and electrically connecting them, as shown in Fig. 2(a) where an 8×8 silicon photonic phased array was fabricated. In a uniform phased array, the directional couplers in the unit cells are adjusted in such a way that each unit cell receives the same amount of power to light up uniformly across the array in the near field and project a focused beam in the far field, as shown in Fig. 3(a) . Multiple interference orders are generated in the far field since the antenna spacing (9µm) is a multiple of the operating wavelength (1.55µm). It is seen in Fig. 2(a) that the phase shifters in the same column are electrically connected together so as to avoid complicated electrical wiring. By applying voltages on the tunable phase shifters in the columns and rows, the near-field phase can be dynamically reconfigured to control the beam in the far field accordingly. As shown in Fig. 2(b) , the phased array can steer the optical beam by 12° in two dimensions and can even generate additional beams. The electrically controlled beam steering can find immediate applications in LIDAR, free-space optical switching, optical micromanipulations, etc. Although most of the optical phased arrays demonstrated to date have a uniform near-field emission, it generates undesired sidelobes in the far field, as shown in Fig. 3(a) . This problem can be overcome by apodization to create a slowly varying intensity distribution in the near field so that the sidelobes in the far-field beam can be suppressed, according to the Fourier transform relation between the near and far field. As shown in Fig. 3(b) , a Gaussian-shaped apodization is applied in the near field by adjusting the directional couplers accordingly, generating a Gaussianshaped beam in the far field without sidelobes. In addition, the generated beam can also be actively steered by the phase shifters. The ability to arbitrarily engineering the intensity and phase of the near-field emission can be used to generate arbitrary optical beamforms in the far field.
Large-scale optical phased arrays
While 2D phased arrays have the ability to steer the beam in two dimensions, it is challenging to reduce the antenna spacing for wide-angle beam steering. However, in a 1D phased array as shown in Fig. 4(a) where long gratings are used as optical antennas to confine light in the horizontal direction and the array confines and steers light in the vertical direction, wide-angle steering can be realized since the gratings can be placed as close as 2µm. As shown in Fig. 4(b) , 51° beam steering has been achieved with an estimated steering speed up to 5×10 6 °/s [6] . Although relatively small phased arrays have been shown above, there is no limitation to extend to much larger arrays by placing more unit cells in the array, which is a unique advantage of our phased array architecture enabled by the compact unit cell. With large-scale phased arrays consisting of thousands of unit cells, new possibilities can be enabled by the phased array. For example, by setting the phase of a large number of optical emitters, the interference of these emitters can create sophisticated, predesigned, holographic patterns in the far field. Figure 5(a) shows the near-field emission from a 64×64 phased array, where the uniform emission from all of the 4,096 optical emitters are seen, highlighting the robustness of the photonic design and the accuracy of the CMOS fabrication techniques. Moreover, all of the 4,096 emitters are aligned in phase to create the holographic MIT-logo in the far field, as shown in Fig. 5(b) . Figure 5(c) shows the far field of another 32×32 array with a different pattern. Note that the required phase shift here was fabricated in the waveguide without electrical tunability, limited by the electrical wiring. However, tunable holographic phased arrays can be achieved in the future with the aide of CMOS digital circuitry directly integrated with the photonics, capable of generating reconfigurable patterns in the far field. 
